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Zinc-finger transcription factor Slug contributes to the function of the stem cell
factor c-kit signaling pathway
Jesus Pe´rez-Losada, Manuel Sa´nchez-Martı´n, Arancha Rodrı´guez-Garcı´a, Maria Luz Sa´nchez,
Alberto Orfao, Teresa Flores, and Isidro Sa´nchez-Garcı´a
The stem cell factor c-kit signaling path-
way (SCF/c-kit) has been previously impli-
cated in normal hematopoiesis, melano-
genesis, and gametogenesis through the
formation and migration of c-kit cells.
These biologic functions are also determi-
nants in epithelial–mesenchymal transi-
tions during embryonic development gov-
erned by the Snail family of transcription
factors. Here we show that the activation
of c-kit by SCF specifically induces the
expression of Slug, a Snail family mem-
ber. Slug mutant mice have a cell-intrinsic
defect with pigment deficiency, gonadal
defect, and impairment of hematopoiesis.
Kit cells derived from Slug mutant mice
exhibit migratory defects similar to those
of c-kit cells derived from SCF and c-kit
mutant mice. Endogenous Slug is ex-
pressed in migratory c-kit cells purified
from control mice but is not present in
c-kit cells derived from SCF mutant mice
or in bone marrow cells from W/Wv mice,
though Slug is present in spleen c-kit
cells of W/Wv (mutants expressing c-kit
with reduced surface expression and ac-
tivity). SCF-induced migration was af-
fected in primary c-kit cells purified from
Slug/ mice, providing evidence for a
role of Slug in the acquisition of c-kit
cells with ability to migrate. Slug may
thus be considered a molecular target
that contributes to the biologic specificity
to the SCF/c-kit signaling pathway, open-
ing up new avenues for stem cell mobiliza-
tion. (Blood. 2002;100:1274-1286)
© 2002 by The American Society of Hematology
Introduction
Hematopoiesis is a lifelong process responsible for replenishing hemato-
poietic progenitor cells and mature blood cells from a pool of pluripo-
tent, long-term reconstituting stem cells.1 The daily turnover of blood
cells in a normal adult is tightly regulated, involving, in part, a complex
interaction between soluble and membrane-bound stimulatory and
inhibitory cytokines and their corresponding receptors.2 The molecular
cloning of these hematopoietic growth factors and their receptors has
been instrumental in delineating the pathways that lead from a
single hematopoietic stem cell to the various terminally differenti-
ated cells in the hematopoietic system.
Although a number of cytokines have effects on progenitor and
stem cells in vitro or in vivo, one cytokine discovered in the early
1990s, c-kit ligand, appears to have unique and nonredundant
activities on primitive/progenitor cells.3 The in vivo roles of c-kit
are well understood because of the existence of mutant mice in
which genes encoding the receptor and its respective ligand are
defective. Mutations in the c-kit receptor and its ligand are well
represented by numerous white-spotting (W) and Steel (Sl) mutant
alleles, respectively. Mice afflicted with mutations at the W locus
were originally identified, as the name implies, by the presence of
white spots on pigmented mice.4 Detailed examination of the mice
showed that the mutation was pleiotropic. The mice also had
defects in germ cell development and in hematopoiesis (character-
ized by macrocytic anemia). In 1988 it was shown that the W locus
encoded a tyrosine kinase receptor known as c-kit.5,6
Many years after the discovery of the W locus, a mutation in
mice that had a phenotype virtually identical to W mice was
identified.7 Because mutations on 2 different chromosomes had the
same complex phenotype that affects pigmentation, germ cells, and
hematopoiesis, researchers hypothesized that there would be some
relationship between the proteins encoded at these 2 loci.8 In 1990
the protein encoded at the Sl locus was identified and named as
mast cell growth factor, stem cell factor (SCF), and c-kit ligand.9-13
Although the primary function of SCF in early hematopoiesis might
be to induce the growth of quiescent progenitor/stem cells through
synergistic interactions with other early-acting cytokines, ample evi-
dence indicates that SCF, in the absence of other cytokines, selectively
promotes viability rather than proliferation of primitive murine progeni-
tor cells.14 Although SCF/c-kit migratory pathways and developmental
fates are well documented, less is known about the molecular mecha-
nisms that provide biologic specificity to the SCF/c-kit signaling
pathway in the formation and migration of c-kit cells.
These biologic events controlled by the SCF/c-kit signaling pathway
are reminiscent of those that take place in epithelial–mesenchymal
transitions during mammalian development. Indeed, the process of
mesoderm formation involves the acquisition of migratory properties
and cell fate determination. These epithelial–mesenchymal transitions
are controlled by a conserved family of zinc-finger proteins, the Snail
family.15-17 The Drosophila gene snail is critical for mesoderm forma-
tion and cell fate determination.18 The related murine Snail and Slug
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genes have also been proposed to participate in mesoderm formation
and cell migration.19-21
In this study we have investigated the relationship between the
SCF/c-kit signaling pathway and the Snail family of proteins. We
have found that the SCF/c-kit signaling pathway specifically
induces the expression of a member of the Snail gene family of
zinc-finger transcription factors, Slug gene, in natural and artifi-
cially engineered c-kit cells. Analysis of a targeted null mutation
that deleted all Slug coding sequences revealed that Slug mutant
mice, like c-kit and SCF-defective mice,22 have a complex
phenotype including pigmentation, gonadal defects, and hematopoi-
etic defects. Long-term transplantation experiments demonstrated
that the defect in Slug mutant mice, in which Slug/ c-kit cells
having a functional SCF/c-kit signaling pathway presented migra-
tory defects similar to those of c-kit cells in Sl/Sld and W/Wv
mice, is intrinsic to the cell. Because mutations on SCF, c-kit
receptor, and Slug genes have a similar pleiotropic phenotype that
affects pigmentation, germ cells, and hematopoiesis, we hypoth-
esized there would be some relationship between them. Indeed, 3
different pieces of data demonstrate the relationship: (1) primary
c-kit cells purified from control mice express Slug; (2) Slug is not
present in primary c-kit marrow cells derived from W/Wv and
Sl/Sld mice; and (3) SCF-induced costimulation and migration
was affected in primary c-kit cells purified from Slug/
mice. Taken together, these results identify Slug as a molecular
target that contributes to the biologic specificity of the SCF/c-kit
signaling pathway.
Materials and methods
Cell culture
Cell lines used include LAMA-84, a human megakaryocytic leukemia cell
line, and Ba/F3, a mouse interleukin-3 (IL-3)–dependent pro-B cell line.
Cells were maintained in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). When required, 10%
WEHI-3B–conditioned medium was added as a source of IL-3. Ba/F3 cells
expressing wild-type form of c-kit were derived as follows. The PECE-kit
plasmid containing the full-length coding sequences of the mouse c-kit
cDNA, a generous gift of Dr D. Martı´n-Zanca, was used to transfect the
IL-3–dependent pro-B cell line. Cotransfection with a neomycin-resistant
plasmid (MC1-neo) and primary selection with the neomycin analogue
G418 generated a stable Ba/F3 cell line expressing the c-kit (Ba/F3 
c-kit). Ba/F3 cell populations were stained with the c-kit–specific monoclo-
nal antibody CD117.
Mice
Animals were housed under nonsterile conditions in a conventional animal
facility. Mice heterozygous and homozygous for the Slugh1 mutation,
generated by removing the genomic sequences of the entire Slugh
protein-coding region (Slugh1 mutant mice), have been described.19 W/Wv
and Sl/Sld mice and breeding pairs were obtained from the Jackson
Laboratory (Bar Harbor, ME). In experimental mice, phenylhydrazine
(PHZ; 60 mg/kg body weight; Sigma Chemical, St Louis, MO) was injected
intraperitoneally for 2 consecutive days.23 On each of the 3 days after the
second PHZ injection, 5 mice were killed by cervical dislocation, and the
bones and spleens were removed under sterile conditions for further
analysis. All procedures were approved by the institutional animal
care committee of Universidad de Salamanca-CSIC.
Phenotypic analysis of the cells
Cell morphology was analyzed according to standard criteria. Single-cell
suspensions were prepared from individual tissues, including bone marrow,
spleen, thymus, and peripheral blood, by standard procedures.24 Approxi-
mately 1  106 cells were used for most stainings. Cells were immunophe-
notyped with the following antibodies: phycoerythrin (PE)–conjugated
TER119 (Ly-76, a monoclonal antibody recognizing an antigen expressed
on erythroid cells from erythroblasts to erythrocyte; PE-CD4, PE-Gr-1,
PE-CD117; PE-CD19; PE-B220; fluorescein isothiocyanate (FITC)–
conjugated CD8, FITC-IgM, FITC-MacI (all from PharMingen, San Diego,
CA). Cells, suspended in Ca-/Mg-free phosphate-buffered saline
(PBS) supplemented with 1% (vol/vol) FBS, were labeled with each
antibody (approximately 1 g/106 cells) for 30 minutes on ice. Cell
fluorescence was analyzed with the FACScan flow cytometer (Becton
Dickinson, Bedford, MA). Cells incubated with appropriately labeled
isotype controls (PharMingen) were used to gate the nonspecific fluores-
cence signal. Before analysis, mature red cells were depleted by hypotonic
lysis (0.38% ammonium chloride for 15 minutes on ice). Background
controls were treated identically except that primary antibodies were
omitted. Cells were initially gated by size and by scatter to identify live
cells. In some experiments, cell viability was assessed by propidium iodide
(5 g/mL; Sigma) (in flow cytometry) exclusion.
Cell purification
Mononuclear spleen suspensions were prepared by cutting the spleens into
small fragments in 5 mL Ca-/Mg-free PBS containing 10% (vol/vol)
FBS and by passing the cell suspension through progressively smaller
needles. Marrow cells were flushed from the femurs with a syringe
containing 2 mL PBS–10% FBS. Marrow and spleen light-density mono-
nuclear cells were isolated by centrifugation over Ficoll-Hypaque (P 1.077
g/mL) at 800g for 20 minutes at room temperature. For cell sorter
separation, cells were incubated with c-kit–PE and c-kit cells sorted by
fluorescence-activated cell sorting (FACS) (FACstar; Becton Dickinson).
Sorted cells were then re-analyzed for purity with the cytometer.
Reverse transcription–polymerase chain reaction
To analyze the expression of Slug and Snail in cell lines and in purified
c-kit cells, reverse transcription (RT) was performed according to the
manufacturer’s protocol in a 20-L reaction containing 50 ng random
hexamers, 3 g total RNA, and 200 U Superscript II RNase H. reverse
transcriptase (Gibco/BRL, Paisley, United Kingdom). Thermocycling pa-
rameters for polymerase chain reaction (PCR) and the sequences of the
specific primers were as follows: mSlug, 30 cycles at 94°C for 1 minute,
56°C for 1 minute, and 72°C for 2 minutes, sense primer 5-GCCTC-
CAAAAAGCCAAACTA-3, antisense primer 5-CACAGTGATGGGGCT-
GTATG-3; mSnail, 30 cycles at 95°C for 2 minutes, 60°C for 2 minutes,
and 72°C for 2 minutes, sense primer 5-CAGCTGGCCAGGCTCTCGGT-
3, antisense primer 5-GCGAGGGCCTCCGGAGCA-3. Amplification of
-actin RNA served as a control to assess the quality of each RNA sample.
Sequences of the internal probes were as follows: mSlug, 5-GACACACATA-
CAGTGATTATTTCC-3; mSnail, 5-TGCAACCGTGCTTTTGCTGAC-
CGCTCCAAC-3.
In situ hybridization
Digoxigenin-labeled sense and antisense RNA probes for Slug were
synthesized from the BR1.4 plasmid.19 In situ hybridization was carried out
using the protocol described by Latham et al.25
RNA analysis
Total cytoplasmic RNA (10 g) was glyoxylated and fractionated in 1.4%
agarose gels in 10 mM Na2HPO4 buffer (pH 7.0). After electrophoresis, the
gel was blotted onto Hybond-N (Amersham), UV cross-linked, and
hybridized to 32P-labeled probes. Loading was monitored by reprobing the
filters with a mouse -actin cDNA. The Slug probe comprised the coding
sequence of mouse Slugh cDNA.
Bone marrow transplantation and sample collection
Recipient female C57 BL/6J mice (8-12 weeks old) were irradiated with 2
split doses of 600 cGy 2 hours apart. This dose is sufficient to eliminate
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endogenous hematopoiesis completely. Bone marrow (BM) cells were
injected into the tail vein of the irradiated mice at 2-4  106 cells per mouse
for long-term reconstitution. All recipients were maintained in microisola-
tor cages on sterilized food and acidified sterile water. Animals, 5 per group,
were killed, and hematopoietic tissues were collected for FACS analysis.
Hematopoietic colony assays
Bone marrow cells (0.25-1.0  105 cells/plate) and spleen cells (104-105
cells/plate) isolated from normal and Slug mutant mice were seeded into
FBS-free semisolid culture plates (Stem Cell Technologies, Vancouver, BC,
Canada). Colony growth was stimulated with the following combinations of
recombinant growth factors: rat stem cell factor (100 ng/mL; Sigma),
mouse IL-3 (10 ng/mL; Sigma), and human erythropoietin (2 U/mL; Roche,
Barcelona, Spain) for burst-forming unit erythroid (BFU-E) growth. The
growth of erythroid colony-forming unit (CFU-E)–derived colonies was
stimulated with erythropoietin alone (2 U/mL). The growth of myeloid
colonies (CFU-GM) was stimulated with recombinant murine granulocyte
macrophage–colony-stimulating factor (GM-CSF) (10 ng/mL; Sigma) in
the presence or in the absence of SCF (100 ng/mL; Sigma). Cultures were
incubated at 37°C in a humidified incubator containing 5% CO2 in air and
were scored either 3 days (for CFU-E–derived colonies) or 7 days (for
GM-CSF– and BFU-E–derived colonies) following initiation of the culture.
The frequency of the colonies was determined in triplicate cultures.
Isolation of primary bone marrow–derived mast cells,
immunoprecipitation, and Western blotting
Bone marrow cells were collected by flushing the marrow cavity of femurs,
and mast cells were derived by selective growth for 6 weeks in IL-3–
containing medium (Opti-Mem I, Gibco-BRL; 10% FBS, 0.5 ng/mL
recombinant murine IL-3; R&D Systems, Madrid, Spain). Medium was
replaced daily and cells were transferred to new dishes to remove adherent
cells, including macrophages and megakaryocytes. Immunoprecipitation
and Western blot assays were made using extracts from 1  107 mast cells
per lane. Briefly, cells were starved for 12 hours in Opti-Mem I medium
without IL-3 and containing only 0.5% serum, before stimulation with 100
ng/mL murine SCF (R&D Systems) for 10 minutes at 37°C, where
indicated. Kit was detected using affinity-purified goat antiserum against
the C-terminus of mouse kit, M-14 (Santa Cruz Biotechnology, Quimi-
granel, Madrid, Spain). Monoclonal antibody 4G10 (UBI) was used to
detect phosphotyrosine.
Histologic analysis
Tissue specimens were fixed with 10% formalin overnight, processed, and
embedded in paraffin, and 6-m sections were stained with hematoxylin
and eosin, examined histologically, and photographed. All sections were
taken from homogenous and viable portions of the resected tissues. Mast
cells were stained with Giemsa. The number of mast cells per square
millimeter was determined.
TUNEL assay
Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick-end la-
beling (TUNEL) was performed by using the in situ cell death detection kit
(Boehringer Mannheim, Mannheim, Germany), essentially following manu-
facturer’s instructions with minor modifications, depending on the speci-
men preparation. In brief, sections were postfixed for 15 minutes in 4%
paraformaldehyde, washed twice with PBS, and incubated in ethanol-acetic
acid (2:1) for 5 minutes at 20°C. After 2 washes in PBS, sections were
subjected to proteinase K digestion (10 g/mL in 10 mM Tris HCl, pH 8.0,
and 1 mM EDTA), washed twice with PBS, and counterstained with
methyl green.
Matrigel assay
Cell migration was determined in the BioCoat Matrigel Invasion Chamber
assay (Becton Dickinson). Purified hematopoietic c-kit cells from wild-
type mice (Slug/), Slug heterozygous mice (Slug/), and Slug
homozygous mice (/) were suspended in DMEM–0.1% BSA at a
concentration of 5  104 cells/mL, placed in the upper compartment, and
incubated for 24 hours at 37°C in 5% CO2 in the absence or presence of
SCF (100 ng/mL). After incubation, nonmigrating cells were removed from
the upper surface of the membrane by scrubbing. Cells on the reverse side
were stained with 0.1% crystal violet and were counted under a microscope
at  100 magnification. Percentage cell migration was calculated from the
ratio of the number of cells recovered from the lower compartment to the
total number of cells loaded in the upper compartment. Each experiment
was performed using at least 4 chambers for each c-kit cell sample and
was repeated at least twice.
Results
Induction of Slug expression by the activation
of kit receptor for SCF
The ability of c-kit to stimulate the expression of the Snail family
members was first assayed in naturally expressing c-Kit cells
using the LAMA 84 cell line (Figure 1A). As shown in Figure 1B,
the expression of Slug increased rapidly in SCF-treated LAMA-84
cells. However, the level of Snail expression was not modified in
the presence of SCF. To extend these previous data indicating the
capacity of c-kit in SCF-treated LAMA-84 cells to specifically
activate Slug gene expression, Ba/F3 cells lacking endogenous
c-kit26 were engineered to express a wild-type, full-length c-kit
receptor (Ba/F3 c-kit) (Figure 1C). Ba/F3 c-kit–transfected
cells specifically expressed Slug on SCF stimulation (Figure
1D) and in a time-dependent-manner (Figure 1E). However, the
Snail gene was expressed at similar levels in SCF-unstimulated
and SCF-stimulated Ba/F3 c-kit cells. These experiments
demonstrated that activation of c-kit specifically induces expres-
sion of a member of the Snail gene family of zinc-finger
transcription factors, indicating a clear relationship between
c-Kit/SCF activation and Slug expression.
An important aspect of establishing that Slug acts downstream
of kit is that the 2 gene products be expressed in the same cell type
and at the same time in vivo. For this reason we analyzed Slug
mRNA expression in primary c-kit cells purified from the bone
marrow of wild-type mice by in situ hybridization. As shown in
Figure 1F, Slug expression is observed in primary c-kit cells, and
Slug expression is induced in these cells on SCF stimulation (Figure
1G). Because mutations on 2 different genes, the c-Kit receptor and its
ligand (SCF), have the same complex phenotype that affects pigmenta-
tion, germ cells, and hematopoiesis, we carefully analyzed mice lacking
a Slug gene to determination in vivo which functions of the c-kit/SCF
pathway are mediated by Slug.
Pigmentation, gonadal defects, and hematopoietic defects
in Slug mutant mice
The most obvious phenotype of Sl and W mutants in vivo is the
presence of severe runting, which is observed shortly after birth.
This characteristic is also observed in mice carrying a null mutation
of the Slugh gene (Slugh1 homozygous mutant mice), which
appeared significantly smaller than their littermates.19 As in c-kit–
and SCF-defective mice, the growth retardation of Slugh1 homozy-
gous mutant mice occurred in the first 3 weeks of life. Accordingly,
we next studied whether Slug, like c-kit receptor and its ligand, is
also important for dermal, gonadal, and hematopoietic development.
Pigmentation deficiencies. Melanoblasts originate in the pluri-
potent neural crest and migrate along characteristic pathways. For
survival and migration, they depend on numerous signaling
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systems.27 Heterozygous mutant mice (W/ or Sl/) have a
characteristic white forehead blaze and additional areas of depig-
mentation on the ventral body, tail, and feet. Homozygous mutant
mice (W/Wv or Sl/Sld) are more affected and completely lack
pigmentation of skin and hair, whose melanocytes are derived from
the neural crest.22
Heterozygous Slug mice did not present alterations in pigmenta-
tion. However, Slug homozygous mutant mice had a diluted coat
with additional areas of depigmentation on the tails and feet and the
characteristic white forehead blaze (Figure 2A). These dermal
defects in Slug/mice consisted of various degrees of depigmen-
tation. However, the retina and inner layer of the iris, whose
melanocytes are derived from the optic cup and are independent of
SCF/c-kit signaling pathway, are systematically pigmented in
Slug/ mice. These dermal defects observed in Slug/ mice
are similar to the dermal phenotype observed in W/ and Sl/
mice (Figure 2A) and suggest a role for Slug in the development of
melanocytes derived from the neural crest.
Gonadal deficiencies. Slug-deficient females were fertile,
and the ovaries appeared normal. Most Slug/ males were
also fertile. Although they appeared to copulate normally, as
evidenced by the formation of vaginal plugs, more than 15%
failed to induce pregnancy in their mates. Those Slug/ mice
capable of fathering offspring usually produced small litters
(3-6 pups per litter, in contrast to a normal litter of 10-12 pups).
The sizes and weights of / testes were approximately 40%
smaller than those of wild-type littermates. Histologic sections
of testis from 6-week-old Slug-deficient mice revealed that
testicular atrophy resulted from an overall reduction in size of
the seminiferous tubules, a characteristic of W/Wv and Sl/Sld
mice testis that can be also observed in some heterozygous Slug
mice (Figure 2B). Spermatozoa were nonetheless visualized in
the lumina, consistent with the fact that fertility was not
critically compromised in these animals. Histologic analysis
also revealed reduced numbers of Leydig cells in the interstitial
spaces of Slug-deficient mice (Figure 2B). On the contrary, the
Figure 1. Activation of c-kit receptor for SCF specifically induces Slug expression. LAMA 84 cells (A) and Ba/F3 cells engineered to express c-kit (C) were stained with a
monoclonal antibody recognizing c-kit and analyzed by flow cytometry (c-kit cells in panel A were unstained LAMA 84 cells). Expression of Slug and Snail was analyzed by
RT-PCR in LAMA 84 cells (B) and in Ba/F3 cells engineered to express c-kit (D) in the absence and in the presence of SCF for 60 minutes at 37°C (100 ng/mL). PCR products
were transferred to a nylon membrane and were analyzed by hybridization with end-labeled internal oligonucleotide probes specific for each gene. -Actin was used to check
cDNA integrity and loading. (E) Ba/F3 cells that express c-kit were incubated for the indicated periods of time with SCF (100 ng/mL) at 37°C. After incubation, Slug and actin
expression were determined by Northern blot analysis. (F, G) Expression of Slug RNA is observed in primary c-kit cells purified from BM of wild-type mice, hybridized with an
antisense RNA probe for Slug and subjected to DAPI (F). No Slug RNA expression is observed when a sense RNA probe is used. (G) Expression of Slug in primary c-kit cells
in the absence and in the presence of SCF for 60 minutes at 37°C (100 ng/mL) analyzed by RT-PCR.
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interstitial space of W/Wv and Sl/Sld mice testis is disproportion-
ately increased and filled with Leydig cells. Therefore, Slug
plays a role in male germ cell and Leydig cell development, but
its loss is insufficient to completely compromise sperm cell
production.
Hematopoietic deficiencies. SCF and c-kit null mutant mice
have severe hematopoietic deficiencies. SCF acts on hematopoietic
progenitor cells, where it is reported to increase survival rather than
recruitment into the cell cycle.14 Accordingly, we analyzed the role
of Slug in normal hematopoiesis.
Macrocytic anemia in Slug/mice
Anemia is the most prominent hematopoietic phenotype abnormal-
ity seen in Sl and W mutants in vivo and it is responsible for growth
retardation during the first weeks of life, a characteristic shared by
Slug-deficient mice.19 Accordingly, we next examined blood param-
eters in the Slug/ mutant mice. The hematologic parameters
examined, in particular hemoglobin, mean cell volume, and mean
cell hemoglobin concentration, define macrocytic anemia with
normal peripheral blood cell counts (Table 1), one aspect of the
mouse Sl and W, both of which are due to naturally occurring
loss-of-function mutations in either SCF or c-kit receptor,
respectively.
Figure 2. Pigmentation and testis defects in Slug-deficient mice. (A) Pigmentation deficiencies in Slug homozygous mutant mice. Wild-type mice (/) with no defective
pigmentation (i); the characteristic white forehead blaze in Sl/and W/mice (ii-iii); lack of pigmentation of skin in Sl homozygous mutant mice (Sl/Sld); and Slug homozygous mutant mice
with the characteristic white forehead blaze (iv). (B) Histologic analysis of testis of wild-type and Slug mutant mice. Matched testis sections from 6-week-old wild-type mice (Slug/), Slug
heterozygous mice (Slug/), Slug homozygous mice (/), Steel-Dickie mice23 (Sl/Sld), and W mutant mice (W/Wv) were stained with hematoxylin and eosin. The histologic section of
Slug/ testis shows the presence of normal seminiferous tubules (blue arrowhead) where germ cell development begins at the periphery of the tubule and where spermatogonia reside.
These cells give rise to the progressively more differentiated spermatocytes and spermatids that populate the more superficial tubular layers and ultimately yield mature spermatozoa that
can normally be visualized in the tubular lumina (black arrowhead). Leydig cells are present in the interstitial space (red arrowhead).As in Sl/Sld and W/Wv mice, there is an overall reduction
in size of the seminiferous tubules in Slug/mice, a characteristic that can be also observed in some Slug/mice (Slug/ center with normal tubules versus Slug/ right with small
tubules). In the interstitial space of Slug/ mice, there is a reduced number of Leydig cells. On the contrary, the interstitial space of Steel-Dickie and W mutant mice testis is
disproportionately increased and filled with Leydig cells. Original magnification 40.
Table 1. Peripheral blood cell counts in/,/, and/ Slug mice
Genotype
/ / /
RBC,  106/L 8.3 	 1.1 9.15 	 1.0 10.2 	 0.6
Hb, g/dL 11.9 	 1.6 14.8 	 1.4 15.2 	 0.9
HCT, % 37.0 	 3.7 48.3 	 4.1 48.3 	 3.4
MCV, fL 55.5 	 4.1 48.2 	 3.1 49.3 	 2.9
MCH, pg 19.4 	 1.4 18.3 	 1.2 18.5 	 1.1
MCHC, g/dL 34.9 	 3.5 36.7 	 3.3 35.6 	 3.2
RDW, % 15.2 	 1.3 12.2 	 0.9 12.4 	 1.1
Plat,  103/L 233 	 24.5 437 	 30.8 445 	 34.4
MPV, fL 5.2 	 0.3 5.5 	 0.3 5.4 	 0.4
WBC,  103/L 8.4 	 1.0 9.07 	 1.2 11.5 	 1.4
Neu, % N 64.6 	 3.9 65.9 	 4.3 66.2 	 4.7
Lym, % L 35.4 	 2.2 33.6 	 2.9 33.8 	 2.8
Mono, % M ND ND ND
Eos, % E ND 0.5 ND
Baso, % B ND ND ND
Peripheral blood obtained by retro-orbital bleedings was subjected to automated
complete blood cell counts, platelet counts, and differential counts. Mean 	 SE
(sample standard error, where n 10).
RBC indicates red blood cells; Hb, hemoglobin; HCT, hematocrit; MCV, mean red
cell volume; MCH, mean cell hemoglobin; MCHC, mean cell hemoglobin concentra-
tion; RDW, red cell distribution width; Plat, platelets; MPV, mean platelet volume;
WBC, white blood cells; Neu, neutrophils; Lym, lymphocytes; Mono, monocytes; Eos,
eosinophils; Baso, basophils; ND, not detected.
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We next analyzed the capacity of expansion of erythropoiesis in
Slug mutant mice on hematopoietic stress. The vast expansion of
erythropoiesis that occurs in the murine spleen in response to
hemolytic anemia or other hematopoietic stress (during pregnancy)
is caused by the migration of BFU-E from the marrow to the
spleen.28 Thus, we first examined the effects on erythropoiesis in
the splenic red pulp of Slug mutant mice during pregnancy. Murine
pregnancy is characterized by transient splenomegaly at mid-
gestation by a dramatic increase in numbers of erythroblasts. This
pregnancy-associated anemia is the major reason for the gross
change in size and cell content of maternal spleen (Table 2). On the
contrary spleens of 12-day pregnant Slug mutant mice are smaller
than spleens of control mice (Table 2). Histologic examination of
spleens demonstrated that increases in splenic red pulp were less
evident in Slug/ and Slug/ mice (Figure 3A). Flow
cytometry results of the analysis of the expression of erythroid
(TER-119) marker on cells from the bone marrow and spleen of
normal and Slug mutant pregnant mice are shown in Table 3. The
frequency of TER-119 cells increased in the marrow and in the
spleen during recovery from pregnancy-induced anemia in control
mice. On the contrary, the increase of TER-119 cells was
compromised in Slug mutant mice in the marrow and in the spleen.
These results show the poor recovery from pregnancy anemia in
Slug mutant mice, indicating a defect in the generation or migration
of progenitor erythroid cells in Slug mutant mice. Accordingly, we
next quantitated the numbers of BFU-E, the most primitive
erythroid progenitor cell, and CFU-E, which are more differenti-
ated erythroid progenitor cells, by hematopoietic colony-forming
assays in the BM and spleen of control and Slug mutant mice under
physiological conditions (without erythroid stress). Numbers of
BFU-E and CFU-E in Slug heterozygous mice were similar to
those of control mice (Table 4). However, the numbers of BFU-E in
BM and CFU-E in spleen was reduced in Slug homozygous mice in
comparison with control mice (Table 4). Taken together, these
results show a basal erythroid defect at the BFU-E level in
Slug/ mice. However, basal erythroid development appears
normal in the Slug/ mice, though hematopoietic stress (preg-
nancy) resulted in poor recovery from anemia.
Next we quantitated the BFU-E and CFU-E numbers in Slug
mutant mice in which we had previously induced hemolytic anemia
with PHZ. Injection of PHZ causes acute red cell destruction
followed by expansion of erythropoiesis.29 Accordingly, age-
matched mice were injected with PHZ, and its effect was systemati-
cally monitored by day 3 in mice given PHZ by a prompt decrease
in Hct and an increase in the reticulocyte count (data not shown). In
Slug/ mice with PHZ-induced hemolytic anemia, the number
of CFU-E was reduced in the BM in comparison with control mice,
and the expansion of BFU-E and CFU-E numbers in the spleen was
affected (Table 4). Induction of hemolytic anemia with PHZ in
Slug/ mice resulted in an increase of marrow erythropoiesis,
but the expected increase in splenic erythropoiesis was not entirely
blocked (Table 4). These results demonstrate that the response to
acute erythropoietic demand results in the expansion of erythropoi-
esis mainly at the BFU-E level in Slug mutant mice. A similar
phenotype is seen in W/Wv mice.30 Although marrow erythropoi-
esis increases by day 3 in W/Wv mice given PHZ, the expected
increase in splenic erythropoiesis is not produced by normal day
3.30 Flow cytometry results of the analysis of the expression of c-kit
marker (CD117) on the cells from the BM and spleen of control,
Slug mutant, Sl mutant, and W mutant mice after the induction of
hemolytic anemia with PHZ shows that the increase in c-kit cells
in the spleen of Slug mutant, Sl/Sld, and W/Wv mice was blocked in
comparison to control mice (Figure 3B). These results show that
Slug-deficient c-kit cells behave like Sl and W–c-kit cells and
that the defect in erythroid development is similar between Slug
mutant, Sl/Sld, and W/Wv mice.
T-cell compartment in Slug mutant mice
In mice lacking functional Slug expression, T-cell numbers in
peripheral blood are normal, though analysis of thymus composi-
tion from 4-week-old mice shows reduced cell production and
differentiation toward CD4CD8 cells similar to that in Sl and W
mutant mice (Figure 4). This specific T-cell differentiation block
was also eventually observed in Slug/ mice. The thymus of
Slug/mice was small and was examined on histologic sections.
Morphologic differences between the thymi of / and /
animals of the same litter could be detected because the histologic
appearance of the thymus of Slug/ mice was similar to the
thymus of Sl and W mutant mice (Figure 4). In thymus sections
from Slug-deficient mice, we also observed many cells at the
cortical level that appeared to correspond to apoptotic bodies that
were not seen frequently in sections from wild-type mice (Figure
4). Consistent with this interpretation, we detected a significant
increase in TUNEL-positive cells in thymus sections from Slug-
deficient mice. Increased apoptosis in Slug-deficient animals
correlated with thymus atrophy. These results are congruent with
the idea that SCF promotes the growth of primitive mouse
CD4CD8 thymocytes, but not CD4CD8 cells or single CD4
and CD8 cells.31,32
B-cell, myeloid, and mast cell development appear normal
in Slug mutant mice
Extensive expression analysis by flow cytometry of the cell surface
differentiation markers was performed on cells from spleen and
from bone marrow of 5-week-old wild-type, Sl and W mutant mice,
and Slug mutant mice. No reduction in cells of the myeloid and
B-cell lineages was observed in the Slug mutant mice (Figure
5A-B). Thus, unlike the critical role of Slug such as c-Kit/SCF
interaction in the generation of erythroid and T-cell lineages, Slug
does not seem to be required for normal B-cell and myeloid
development in adult mice.
The SCF/c-kit signaling pathway is required for mast cell
development.22 Thus, mast cells from 4- and 8-week-old Slug
mutant mice were examined on histologic sections of different
tissues.33 No morphologic differences between the mast cells of
/ and / animals of the same litter could be detected (Figure
5C). Furthermore, the numbers of intestinal, skin, and peritoneal
mast cells, organs known to be rich in mast cells, were equivalent in
/ and / animals. Thus, the development and differentiation
of mast cells does not seem to be affected by the absence of a
functional Slug gene.
Table 2. Spleen weights of/,/, and/ Slug pregnant mice
Genotype
/ / /
Nonpregnant 0.0726 	 0.0033 0.0697 	 0.0048 0.0706 	 0.0029
Pregnant 0.1379 	 0.0075 0.0864 	 0.0039 0.0771 	 0.0029
Weights are given in grams. Values are means 	 SEM from 5 mice in each
group. Differences between groups were statistically significant (P 
 .0001), as
determined by Mann-Whitney U test.
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Defect in Slug mutant mice is intrinsic to the stem cell
Because receptor signaling depends on ligand interaction, it is not
surprising that mutant forms of the c-kit receptor and its ligand
produce almost identical developmental defects. However, trans-
plantation experiments reveal a critical difference between the 2
mutations: the hematopoietic stem cells of Sl mice function
normally in wild-type recipients, whereas those of W mutants do
not (reviewed in Fleischman22). Accordingly, we first analyzed
whether Slug mutant mice have a normal SCF/c-kit signaling
pathway. To ensure that we had a normal c-kit–encoded transmem-
brane tyrosine kinase receptor for stem cell factor (Kit/SCF-R), we
examined primary mast cells from bone marrow of/,/, and
/ age-matched mice. Kit/SCF-R from /, /, and control
mice was of the same size and was expressed at comparable levels
(Figure 6A). The Kit/SCF-R was also kinase active and autophos-
phorylated on tyrosine residues on stimulation with SCF
(Figure 6A).
To define whether the nature of the defect was either extrinsic or
intrinsic to the stem cell, we analyzed the ability of Slug mutant
hematopoietic stem cells to reconstitute permanent hematopoiesis
in irradiated hosts. Engraftment of bone marrow cells from a
healthy donor cures the hematopoietic phenotype seen in Slug/
mice. On the other hand, wild-type recipients lethally irradiated
and reconstituted with the hematopoietic stem cells of Slug/
mice presented macrocytic anemia, and the composition of the
hematopoietic system was similar to Slug/ mice (Figure 6B).
These mice had normal B-cell and myeloid development and a
block in T-cell differentiation toward CD4CD8 cells. In addi-
tion, when treated with PHZ, c-kit cells were unable to migrate to
the spleen. Moreover, the frequencies of BFU-E and CFU-E in the
BM and in the spleen of PHZ-treated mice were similar between
Slug/ mice and wild-type mice reconstituted with Slug/
BM. These findings indicate that the defect in Slug mutants is
intrinsic to the stem cell.
Primary BM c-kit cells do not express Slug
in W and Sl mutant mice
Slug subserves pivotal functions in promoting the development,
survival, and proliferation of hematopoietic progenitor cells, neural
crest–derived cells, and germ cells, a role well illustrated by the
depletion of erythroid precursors and associated macrocytic ane-
mia, gonadal defects, and hypopigmentation manifested by Slug-
deficient mice. The findings that activation of c-kit specifically
induces the expression of Slug and that Slug-deficient mice have
phenotypes similar to those of Sl and W mutant mice prompted us
to test whether Slug expression levels are up-regulated as a
consequence of SCF/c-kit activation in control versus Sl and W
primary c-kit cells. Accordingly, we induced hemolytic anemia
with PHZ in control and Sl and W mutant mice. By day 3 c-kit
cells from bone marrow and spleen were purified by sorting in
Figure 3. Erythroid development defects in Slug-deficient mice. (A) Histologic examination of spleens of nonpregnant mice versus spleens of 12-day pregnant control mice
(Slug/), Slug heterozygous mice (Slug/), and Slug homozygous mice (Slug/). Hematoxylin and eosin staining evidenced during pregnancy an enormous increase in
the splenic red pulp of Slug/mice in which the splenic white pulp, marked with white arrowheads, was reduced. The increase in the splenic red pulp was less evident in both
Slug/ and Slug/ mice. (B) Representative analysis of the c-kit cells present in the BM and spleen of mice after induction of hemolytic anemia with PHZ. Cells isolated
from a wild-type control (Slug/), a heterozygous mutant (Slug/), a homozygous mutant (Slug/), a Steel-Dickie mutant (Sl/Sld), and a W mutant (W/Wv) mouse were
stained with the CD117-PE monoclonal antibody and analyzed by flow cytometry. The percentage of c-kit cells is indicated. The percentage of c-kit cells in spleen and BM
before the induction of hemolytic anemia is as follows: 3% in BM and less than 1% in spleen of Slug/, Slug/, and Slug/mice and less than 1% in BM and less than 1%
in spleen of W/Wv and Sl/Sld mice. Original magnification 20.
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control and Sl and W mutant mice (Figure 7A). Then we tested
whether Slug was also present in c-kit cells purified from these
mice. Examination of Slug expression by RT-PCR revealed that
Slug was present in primary c-kit cells derived from bone marrow
and spleen of control mice (Figure 7B). -Actin expression was
used to assess the integrity and loading of each RT-PCR reaction
(Figure 7B, bottom section). The expression of Slug was higher
within migratory cells seen in the spleen than in the c-kit cells that
remained in the BM. In contrast and using the same experimental
conditions, we could not detect the expression of Slug in primary
c-kit cells purified from the bone marrow of W and Sl mutant
mice. Only we observed Slug expression in primary c-kit cells
derived from the spleen (migratory cells) of W mutant mice.
Effects of SCF of costimulation and migration of c-kit cells
in Slug/mice
Our observations raised the question of whether Slug affected the
SCF functions on hematopoietic progenitor cells. It is well known
that SCF in combination with other cytokines significantly enhance
the growth of clonogenic cells in vitro. In Slug/ mice, SCF did
not increase the numbers of BFU-E and CFU-GM in combination
with erythropoietin and GM-CSF, respectively (Table 5). More-
over, to functionally test the effect of Slug on the migration of
c-kit cells on SCF stimulation, we performed Matrigel assays with
purified hematopoietic c-kit cells from BM of wild-type mice
(Slug/), Slug heterozygous mice (Slug/), and Slug homozy-
gous mice (Slug/) (Table 6). Control Slug/ c-kit cells
traversed the reconstituted basement membrane at high cell fre-
quency (28%) on SCF stimulation. In contrast, Slug/ c-kit cells
migrated through Matrigel at significantly lower rates on SCF
stimulation (3%). These findings, together with the discovery that
the activation of c-kit specifically induces the expression of Slug
and Slug-deficient mice have a phenotype similar to that of Sl and
W mutant mice, indicate that Slug is a molecular target that
contributes to the biologic specificity of the SCF/c-kit
signaling pathway.
Discussion
Developmental defects of SCF/c-kit signaling pathway
mediated by Slug
Since the 1990s the in vivo SCF/c-kit migratory pathway and
developmental fates are well known because of the existence of
mutant mice in which genes encoding the receptor and its
respective ligand are defective.5,6,9-13 Less is known about the
mechanisms that provide biologic specificity to the SCF/c-kit
signaling pathway in the formation and migration of c-kit cells. A
key issue is the identity of the targets of c-kit signaling that underlie
the migratory behavior of c-kit cells. In this regard, the biologic
events controlled by the SCF/c-kit signaling pathway are similar to
those that take place in epithelial–mesenchymal transitions during
mammalian development, which are controlled by the Snail family
of zinc-finger transcription factors.15-17 These proteins, which share
an evolutionarily conserved role in invertebrates and vertebrates,15
are implicated in the generation and migration of mesoderm and
neural crest cells in several vertebrate species.15-17 In this study we
have investigated whether the biologic functions governed by the
SCF/c-kit signaling pathway are mediated by the Snail family of
proteins. Data presented here show that the activation of c-kit by
SCF specifically induces the expression of a specific member of the
Snail family of zinc-finger transcription factors, Slug, indicating a
clear relationship between SCF/c-kit activation and Slug expression.
Because mice with mutations on the c-Kit receptor and its
ligand (SCF) have the same complex phenotype that affects
pigmentation, germ cells, and hematopoiesis, we carefully ana-
lyzed mice lacking a Slug gene to determine in vivo whether Slug
mediates some functions of c-kit/SCF pathway. Mice carrying a
loss-of-function mutation at the Slug locus were generated.19 The
expression pattern of the Slug gene in migratory neural crest
cells had suggested a function for this gene in the development
of the nervous system.19 Accordingly, analysis of the mutant
mice were focused on this system. Now, the analysis of the
mutant mice focused on those developmental aspects dependent
on the SCF/c-kit pathway. Our results demonstrated the pres-
ence of dermal, gonadal, and hematopoietic developmental
defects in Slug mutant mice.
Only Slug/ mice showed alterations in pigmentation, indi-
cating that the absence of Slug impairs the migration or survival of
pigmented stem cells derived from the neural crest in such a way
that the failure of melanoblasts in Slug/ mice occurs at sites
farther from the neural crest—that is, the forehead. This function of
Slug is congruent with the fact that in the mouse, the Slug gene is
not expressed in premigratory neural crest cells but is expressed in
migratory neural crest cells.19 These alterations in the pigmentation
observed in Slug/ mice are similar to those described in W and
Sl mutant mice, explaining why some areas in W and Sl heterozy-
gous mutant mice are completely depigmented whereas others
remain normal. These data also indicate that intracellular signaling
Table 3. Frequency of TER-119 cells in the marrow and spleen of/,/, and/ Slug mice and mice recovering from anemia induced by pregnancy
/ /* / /* / /*
Bone marrow 7.7 	 1.5 19.1 	 2.1 7.5 	 1.7 12 	 2.2 7.9 	 1.1 10.0 	 2.1
Spleen 1.2 	 0.9 18.3 	 2.9 1.1 	 0.8 6.0 	 1.5 1.3 	 0.7 4.9 	 1.6
Values are percentages and are the means 	 SEM from 5 mice in each group. Differences between /, /, and / were statistically significant (P 
 .0001), as
determined by Mann-Whitney U test.
*During pregnancy.
Table 4. Expansion of numbers of BFU-E and CFU-E in BM and spleen
of PHZ-treated mice
CFU-E ( 104) BFU-E ( 103)
BM Spleen BM Spleen
(/) 4.3 	 0.6 6.6 	 1.5 4.2 	 0.5 1.3 	 0.4
PHZ (/) 16.2 	 1.1 256.0 	 29.0 4.4 	 0.4 25.0 	 2.4
(/) 3.9 	 1.3 4.1 	 0.8 4.2 	 0.3 1.6 	 0.2
PHZ (/) 4.1 	 0.9 23.0 	 3.0 4.9 	 0.6 11.0 	 0.8
(/) 4.0 	 1.3 2.4 	 0.5 1.6 	 0.1 1.5 	 0.2
PHZ (/) 4.1 	 1.4 2.0 	 0.4 4.6 	 0.3 1.7 	 0.4
CFU-E and BFU-E in the BM and spleen of the mice treated with PHZ and killed
on day 3 were quantitated by hematopoietic colony-forming assays. Values are
means 	 SEM from 5 mice in each group. Differences between / and / and
/ PHZ-treated mice were statistically significant (P 
 .0001), as determined by
Mann-Whitney U test.
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mediated by c-kit must exceed a critical threshold for Slug to
become activated and melanoblasts to migrate and survive. Sl and
W heterozygous mice do not seem to reach this threshold. In fact,
melanoblasts migrating to the forehead and other affected areas
may be at the low end of an SCF gradient.34
In addition to this deficiency of melanocytes, homozygous-
mutant Slug animals showed evidence of testis defects. These
defects involved spermatogonia and Leydig cells. The spermatogo-
nia defect is well known in W and Sl homozygous mice, which are
sterile, and it is specifically controlled by kit-mediated PI 3-kinase
activation.35,36 However, the interstitial space in W and Sl homozy-
gous mice and in KitY719F/KitY719F testis is disproportionately
increased and filled out with Leydig cells. One possible explanation
for these observations is that balancing mechanisms exist within
the Leydig lineage, such as soluble SCF produced within the
testis37 and other signaling pathways such as FSH and insulinlike
growth factor-1,37 that try to compensate for deficiencies in
primitive germ cell compartments in W, Sl, and in KitY719F/KitY719F
mutant mice by stimulating proliferation or survival of Leydig
cells. On the contrary, in Slug/ mice, the Leydig cell compart-
ment, which derives from the neural crest and is c-kit,37 is
reduced. The impairment of Leydig cell development observed in
Slug/ mice indicates that the balancing mechanisms37 would
need Slug. This defect of Leydig cell development could second-
arily affect germ cell maturation. Thus, the SCF/c-kit signaling
pathway would have a dual function within the testis: germ cell
development mainly governed by kit-mediated PI 3-kinase activa-
tion35,36 and Leydig development controlled by Slug (Figure 7C).
Analysis of hematopoietic development in Slug mutant mice
demonstrated a phenotype similar to that of W and Sl defective
mice. Sl, W, and Slug homozygous mutant mice had macrocytic
anemia. These mutations impaired the developmental capacity of
progenitor cells of the erythroid and T-cell lineages and followed
normal B-cell development. The defect in hematopoietic cell
development in Slug mutant mice was cell intrinsic. Slug mutant
mice presented identical phenotypes, irrespective of whether the
hematopoietic cells were isolated directly from the mutant mice or
recovered from transplant recipients. Therefore, the phenotype of
Slug mutant mice is not caused by insufficiencies in the microenvi-
ronment (as in Sl mutant mice) but is instead caused by a
cell-intrinsic defect in hematopoietic progenitor cells (as in W
mutant mice). Table 7 illustrates the phenotypic similarities be-
tween the Slug mutant mice and specific Sl and W mice.
Other kit-expressing lineages, such as mast cells and most
melanoblasts, show no obvious phenotypes in Slug mutant mice,
suggesting that the cellular context is of great importance for the
interpretation of the SCF/c-kit signal. Slug function in these cell
types either is not required or can be compensated through synergy
with other Snail family members. Another question concerns why
the heterozygous loss-of-function of Slug leads to phenotypic
Figure 4. Deficient T-cell development and apoptosis in thymus of Slug-deficient mice. Histologic examination was performed on thymus sections from 4-week-old Steel
mutant (Sl/Sld), W mutant (W/Wv), wild-type (control), and homozygous mutant (Slug/) mice. All sections were stained with hematoxylin and eosin. The normal architecture
of control thymus shows the presence of well-defined cortical and medullar regions. This organization is lost in Sl/Sld, W/Wv, and Slug/ mice. Matched sections from Slug
/ and control mice were subjected to DAPI and TUNEL assay. Increased apoptosis in Slug-deficient animals correlated with thymus atrophy, where the weight of Slug/
thymus was reduced by approximately 35% compared with that of wild-type mice. On the left, representative analysis of the cells present in the thymus of these mice is shown.
Cells isolated from a wild-type (control), a heterozygous mutant (Slug/), a homozygous mutant (Slug/), a Steel mutant (Sl/Sld), and a W mutant (W/Wv) mouse were
stained with the monoclonal antibodies and analyzed by flow cytometry. The percentage of cells is indicated.
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abnormalities. This indicates that a loss-of-function mutation in
one allele cannot be compensated for by the remaining wild-type
allele of the same gene, defining Slug as a semidominant gene. This
condition, known as haploinsufficiency, would generate Slug
tissues that are mosaic with regard to the transcribed allele. Further
experiments will be necessary to confirm that monoallelic expres-
sion may be the mechanism causing the haploinsufficiency of
Slug genes.
Figure 5. B-cell, myeloid, and mast cell development in Slug mutant mice. Representative analysis of B cells and myeloid cells present in the spleen (A) and in the BM (B),
respectively. Cells isolated from a wild-type (control), a heterozygous mutant (Slug/), a homozygous mutant (Slug /), a Steel mutant (Sl/Sld), and a W mutant (W/Wv)
mouse were stained with monoclonal antibodies and were analyzed by flow cytometry. Percentage of cells is indicated. (C) Histologic examination was performed on ear
sections from 4-week-old wild-type (/), homozygous mutant (Slug/), and W mutant (c-kit /) mice. All sections were stained with Giemsa.33 Arrowheads indicate the
presence of mast cells in control and Slug/mice but not in W mutant mice. Original magnification 40.
Figure 6. Defect in Slug mutant mice is intrinsic to the stem cell. (A) Kit immunoprecipitations from BM-derived mast cells were probed for kit and reprobed for
phosphotyrosine. Slug/, heterozygous mice; Slug/, homozygous mice; Slug/, wild-type mice. (B, C) Analysis of the hematopoietic system in normal recipient mice
reconstituted with either Slug/ HSC or Slug/ HSC by FACS. BM, spleen, and thymus samples were stained with monoclonal antibodies and were analyzed by flow
cytometry. The hematopoietic composition of mice reconstituted with Slug/HSC is similar to that for Slug/mice. A representative analysis of the c-kit cells present in the
BM and spleen of normal recipient mice reconstituted with either Slug/ HSC or Slug/ HSC after the induction of hemolytic anemia with PHZ is shown.
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Thus, mutations at Sl, W, or Slug impair the development of 3
stem cell populations: melanoblasts, hematopoietic progenitors
cells, and germ cells. Accordingly, Slug is present in migratory
c-kit cells purified from control mice, but it is not present in c-kit
cells derived from Sl/Sld mice or in bone marrow cells from W/Wv
mice. SCF-induced migration was affected in primary c-kit cells
purified from Slug/ mice, providing evidence for a role of Slug
in the acquisition of c-kit cells with the ability to migrate. The
presence of Slug in spleen but not in BM c-kit cells from W/Wv
mice could be explained by the fact that W/Wv mutants express
c-kit, though with reduced surface expression and activity,22
indicating that intracellular signaling mediated by c-kit must
exceed a critical threshold for Slug to become activated.
These findings are consistent with a model in which stem cells
harboring the c-kit receptor would express Slug, promoting sur-
vival of the cell with dependence of the required external signal
(SCF) and allowing cells to migrate outside their normal environ-
ment. If these are not achieved in a specific period of time, they
would undergo apoptosis because they have been deprived of the
required external signals to keep Slug expression. This would
prevent migrating cells from entering territory inappropriate for
their state of specification. These data indicate that signals regulat-
ing cell fate (or cell death) have an important role in maintaining
patterns of cell specification and cell differentiation.
Thus, the results presented here indicate that Slug may be the
factor that controls the migration and survival of c-kit cells. In this
sense, it is known that p53 deficiency rescues the male fertility of
W mice but has no effect on the survival of melanocytes and
hematopoietic cells. Thus, male germ cell apoptosis in the absence
of kit is p53 dependent.38 Our data show that Slug is involved in the
development of Leydig, melanocyte, and hematopoietic cell lin-
eages. Thus Slug, a protein that normally acts as a repressor,39 may
down-regulate genes whose expression needs to be excluded from
c-kit cells to migrate. Finally, the same molecules are used to
trigger epithelial–mesenchymal transitions during embryonic devel-
opment and in biologic functions mediated by the SCF/c-kit
signaling pathway. These observations can pave the way to identify
a common molecular mechanism conferring biologic specificity in
the formation and migration of cells governed by other growth
factors and their receptors through the Snail family of transcrip-
tion factors.
Slug is a candidate gene for human piebaldism
and hereditary anemias
Disorders of melanocyte development are characterized by hetero-
geneous distribution of pigmentation, so-called white spotting,
typified by piebaldism and Waardenburg syndrome. It is now clear
that these disorders of pigment cell development represent a
subgroup of the neurocristopathies, involving defects of various
neural crest cell lineages that include melanocytes.40 The present
studies indicate that alterations in the Slug gene may be responsible
for the piebald phenotype in some kindreds. Thus, in some patients,
Figure 7. SCF/c-kit signaling pathway in development.
(A) c-kit cells present in the BM and spleen of wild-type
(control), Steel mutant (Sl/Sld), and W mutant (W/Wv) after
the induction of hemolytic anemia with PHZ. For cell sorter
separation, cells were incubated with c-kit-PE and c-kit cells
sorted by FACS. Sorted cells were then re-analyzed for purity
with the cytometer; purity was 95% or greater. (B) Expression
of Slug was analyzed by RT-PCR in the purified c-kit cells of
BM and spleen from control, Sl/Sld, and W/Wv mice. PCR
products were transferred to a nylon membrane and ana-
lyzed by hybridization with end-labeled internal oligonucleo-
tide probe specific for the Slug gene (upper panel). -Actin
was used to check cDNAintegrity and loading (bottom panel).
(C) Model of the function of the SCF/c-kit signaling pathway in
development. The SCF/c-kit signaling pathway impairs the
development of 3 stem populations: melanoblasts, hemato-
poietic stem cells, and germ cells. Data presented here
indicate that Slug contributes to the functions of SCF/c-kit in
melanoblasts and hematopoietic cells, though there are
Slug-independent aspects of melanocyte development and
hematopoiesis. Identification of the molecular mechanism
mediating the mast cell defect is still pending. Within the germ
cells, SCF/c-kit function is mediated by Slug (this paper) and
PI 3-kinase.35,36 The impairment of Leydig cell development
in the absence of Slug could secondarily affect germ cell
maturation.
Table 5. SCF-induced effects on co-stimulation of BFU-E
and CFU-GM in Slug/mice
Cytokines Cells
BFU-E/0.75  105
Slug / Slug /
EPO 0 0
EPO  SCF 14.3 	 0.9 3.1 	 0.4
CFU-GM/1  105
Slug / Slug /
GM-CSF 40.3 	 2.7 46.2 	 2.9
GM-CSF  SCF 59.2 	 3.2 48.9 	 3.7
Murine BM cells from Slug/ and/mice were cultured in semisolid media in
the presence of a combination of growth factors. Cytokines were used at the following
concentrations: EPO, 2 U/mL; SCF, 100 ng/mL; GM-CSF, 10 ng/mL. Values are
mean	 SEM of triplicate experiments. Differences between Slug/ and/ were
statistically significant (P
 .0001), as determined by Mann-Whitney U test.
Table 6. SCF-induced migration of Slug-deficient c-kit cells
Culture condition Slug genotype Migration, %
Medium / 3 	 1
SCF (100 ng/mL) / 28 	 8
Medium / 3 	 2
SCF (100 ng/mL) / 16 	 4
Medium / 2 	 1
SCF (100 ng/mL) / 3 	 2*
Values represent mean	 SD of 3 separate experiments.
*Significantly different from control (P .02), as determined by Student t test.
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piebald trait may be prove to result from deletions in this gene
rather than from mutations in the c-kit receptor gene.41
Another characteristic of Slug mutant mice is anemia. Human
congenital anemias such as Diamond-Blackfan anemia, which are
characterized by decreased erythroid progenitors in the marrow,
resemble in some ways the anemia of Slug mutant mice. Thus,
alterations in the Slug gene may be responsible for the anemia in
some patients. However, it has been noted that humans with
pathologic mutations of the KIT gene do not exhibit anemia.42 Now
a direct test of this hypothesis is feasible.
SCF/c-kit Slug in transformation
The c-kit receptor is involved in leukemias and solid tumors.
Mutations resulting in constitutive activation of c-kit have been
described in acute myeloid leukemia,43,44 small cell lung cancer,45
gynecologic tumors,46 breast carcinoma,47 and colonic tumors
derived from interstitial cells of Cajal (a cell type that is SCF
dependent).48,49 However, the oncogenic potential putatively con-
ferred by alterations in c-kit activity in malignancy is uncertain.
Our results show that Slug confers survival and migratory proper-
ties to c-kit cells. Thus, constitutive activation of c-kit could
confer invasive properties to the tumor cells. In this regard, Slug
may also represent a molecular event relevant to cell transforma-
tion by c-kit. Moreover, recent findings show that Slug is also
expressed in t(17;19) leukemic cells,50 in rhabdomyosarcoma cells
expressing the translocation PAX3-FKHR,51 and in cells express-
ing BCR-ABL (J.P.-L. et al, unpublished observations, May 2002).
Thus, Slug may be a component of invasion in cancer biology by
providing tumor cells with the ability to migrate. As such, Slug
might constitute an attractive target for therapeutic modulation of
invasiveness in the treatment of human cancer.
Potential uses for Slug
Progenitor/stem cell mobilization is important in clinical transplan-
tation, gene therapy, and ex vivo expansion of hematopoietic stem
cells. However, these and other applications of SCF have been
limited by its mast cell–activating properties.2 The results pre-
sented here identify Slug as a molecule that contributes to the
function of SCF/c-kit signaling pathway, suggesting that Slug
could have clinical applications similar to those of SCF using
current technology,52 with the advantage that Slug would not
activate mast cells. Nevertheless, the effectiveness of this in
hematopoietic stem cell mobilization remains to be determined.
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